Innovative harsh environment sensors are desirable in a wide range of industrial and military applications where conventional measurement devices are difficult to apply. Such examples exist in many technical fields, such as aerospace, petroleum and power industries.
measurement of a wide variety of physical and chemical parameters because of such inherent advantages as I) an immunity to electromagnetic interference, 2) avoidance of ground loops, 3) capability of responding to a wide variety of measurands, 4) avoidance of electric sparks. 5) resistance to harsh environment, 6) remote operation, 7) capability of multiplexing. and 8) ease of integration into large-scale fiber networking and communication systems. Because of these inherent advantages, fiber sensors are therefore attractive to the oil industry.
Most of the fiber sensors developed to date may be classified into two groups: interferometers in which optical phase is affected, and intensity-based devices in which optical intensity is modulated.
In general, interferometric sensors have the advantages of ultra-high resolution, accuracy and configuration versatility. However, they have the disadvantages of relative measurement, costly signal processing and low frequency response. In contrast to fiber interfi.rometers, the intensitybased devices have the advantages of simple signal demodulation, absolute measurement, and high frequency response. Because of the advantages by the two types of fiber sensors, considerable efforts were made in the past decade in attempts to combine the two sensor types into a single sensor design to obtain all the major advantages at the same time. Recetnly researchers at the Photonics Laboratory of Virginia Tech developed a new sensor technology -the self-calibrated interferometric/intensity-based (SCIIB) sensors, which for the first time successfully combines fiber interferometry and intensity-based devices into a single sensor system. The basic principle of the SCIIB sensor is illustrated in Figure 1 . The system involves a sensor probe, optoelectronic signal processing and an optical fiber linking the sensor head and signal processing unit. The light from an optical source is launched into a two-by-two fiber coupler and propagates along the optical fiber to the sensor head. As shown in the enlarged view of the sensor head, the lead-in fiber and a reflecting fiber are thermally fused to a hollow glass tube with a certain air-gap separation between the two fibers. The incident light is first partially reflected at the endface of the lead-in fiber. The remainder of the light propagates across the air gap to the reflecting fiber endface, where a second reflection is generated. The two reflections then travel back along the same lead-in fiber through the same fiber coupler to the photodetection end.
In order to overcome common problems associated with regular fiber interferometric sensors, such as relative measurement, low frequency response, and complexity in signal demodulation, a special optoelectronic signal demodulation method is employed that allows self-calibrating and absolute measurement with high frequency response. As a result, the new sensor possesses the best features ofboth fiber interferometry and intensity-based sensors. To our knowledge, this is the first design to realize successful combination of fiber interferometric and intensity-based sensors into a single sensor system. Because of these combined simultaneous advantages, the new sensor scheme is therefore extremely attractive for the fabrication of a variety of sensors for accurate and reliable measurement of various physical parameters that can be related to microdisplacement. Various sensors have been design and fabricated based on the basic SCIIB sensor configuration.
Pressure Sensors
For the sensor geometry shown in Figure 1 , when a pressure is applied to the sensor head, due to the longitudinal and lateral compression of the glass alignment tube, the air gap separation in the sensor will change. The air gap variation can be expressed as (1) where E is the Young's modulus of the tube material, tis Poisson ratio, L is the distance between the two thermal fusion points, and r0 and r, are the outer and inner radii of the glass tube. Equation (1) indicates that the air gap change is linear to the applied pressure. Figure 2 presents comparison between theoretical prediction and experimental results obtained for an SCIIBsensor. It is seen that Equation (1) gives a good description of the mechanical behavior of the sensor element, and could be used as a guide in the pressure sensor design. In addition, the equation also shows the involvement of several sensor parameters, including the inner and outer diameters of the hollow glass tube, the distance between the two fusion fixture points and the mechanical properties of the hollow glass material. The sensor thus offers excellent design flexibility for different dynamic measurement ranges. Moreover, since the glass tube is made of the same material as the fiber, the thermal expansion of the tube is balanced by the thermal expansions of the lead-in and the reflecting fibers, so that ultra-low temperature dependence is therefore expected.
Based on Equation (2) dependence ofpressure sensor.
Temperature Sensors
Contrary to the SCIIB-based pressure measurement, a temperature-induced air gap change is necessary for temperature measurement. One of the ways to produce differential thermal expansion is to use a sensor tube having a coefficient of thermal expansion different from that of the fibers, so that temperature changes produce differential thermal expansion between the tube and the fibers. Because of the ultra-high sensitivity and accuracy in the measurement of small air gap changes, the SCIIB-based temperature sensors would allow excellent measurement resolution and accuracy.
Again, the sensor could be designed to have varying measurement ranges by properly selecting such parameters as tube material and distance between the two thermal fusion points. The pressure dependence of the temperature measurement could be eliminated with the use of a pressure isolation glass tube.
Figure 8 presents a typical response of a SCIIB temperature sensor. As expected, the sensor shows reliable measurement at temperatures above 800°C. Figure 9 shows no observable cross-sensitivity between temperature and pressure. In summary, various SCIIB sensors for measurement of pressure and temperature have been presented. These sensors provide self-calibrating and absolute measurement with a capability of operation at temperatures above 800°C. They can be especially attractive for those applications where harsh environments, such as high temperature, high pressure, strong electromagnetic interference, chemically corrosive and explosive atmospheres, are involved.
